The recent detection of the "cosmic dawn" redshifted 21 cm signal at 78 MHz by the EDGES experiment differs significantly from theoretical predictions. In particular, the absorption trough is roughly a factor of two stronger than the most optimistic theoretical models. The early interpretations of the origin of this discrepancy fall into two categories. The first is that there is increased cooling of the gas due to interactions with dark matter, while the second is that the background radiation field includes a contribution from a component in addition to the cosmic microwave background. In this paper we examine the feasibility of the second idea using new data from the first station of the Long Wavelength Array. The data span 40 to 80 MHz and provide important constraints on the present-day background in a frequency range where there are few surveys with absolute temperature calibration suitable for measuring the strength of the radio monopole. We find support for a strong, diffuse radio background that was suggested by the ARCARDE 2 results in the 3 to 10 GHz range. We find that this background is well modeled by a power law with a spectral index of -2.58±0.05 and a temperature at the rest frame 21 cm frequency of 603 +102 −92 mK.
INTRODUCTION
The detection of the redshifted 21 cm signal from the period when the Universe transitioned from a predominately neutral medium to an ionized one has been the target of numerous experiments, such as Parsons et al. (2010) , Greenhill & Bernardi (2012) , and Yatawatta et al. (2013) to name a few, over the last several years. This period in the history of the Universe provides important constraints on the first stars and galaxies in the Universe (see Madau et al. 1997; Furlanetto et al. 2006; Pritchard & Loeb 2012 , for an overview of the signal). The claimed detection of this signal by Bowman et al. (2018) challenges the existing theoretical predictions both by being significantly stronger than predicted (500 mK) and by having a non-Gaussian shape. It has been suggested that the observed depth can be explained by additional cooling of the neutral hydrogen gas by interactions with dark matter (Barkana 2018) which allows the gas to cool at a faster rate than with cosmological expansion alone. This, in turn, allows the gas to be colder than expected by the time the first stars form. The details of this idea have been further refined by Muñoz & Loeb (2018) and Berlin et al. (2018) .
An alternative to additional cooling through interactions with dark matter is to enhance the background radiation field by including a component in addition to the cosmic microwave background (CMB, Feng & Holder 2018; Mirocha & Furlanetto 2018) . In particular, radiation from primordial back holes could provide a sufficient background field to produce the observed line depth without violating the constraints set by the diffuse cosmic backgrounds at other wavelengths (Ewall-Wice et al. 2018) . The existence of such a radio background has been suggested for a number of years, e.g., Bridle (1967) , and gained traction with the ARCADE 2 results Seiffert et al. 2011) . In fact, the nature of this seemingly isotropic background was the focus of a recent workshop to discuss whether or not the background is real and what could explain it (see Singal et al. 2018 , and references therein for an overview). However, the exact nature and interpretation of this background, also referred to as the radio synchrotron background, is sensitive to its spectrum, specifically, whether or not the background can be represented by a pure power law.
Low frequency observations, particularly below 100 MHz where the background appears to be roughly comparable to the Galactic foreground, provide the best constraints on the strength and spectrum of the background. In order to determine the strength of the radio background monopole, data with an absolute calibration of the zero level of the temperature scale are required. To date, spectral analyses of the radio background, e.g., Fixsen et al. (2011) , have been able to rely on only a few existing surveys below 1 GHz that meet these criteria. In addition to the limited sampling in this frequency range, the existing maps do not provide rigorous analysis of the uncertainties in the maps, either in the two dimensional structure nor in the accuracy of the absolute calibration. This makes it difficult to disentangle the radio background from any calibration errors.
To address these limitations in existing low frequency maps we have studied the radio background between 40 and 80 MHz using the all-sky maps from the LWA1 Low Frequency Sky Survey (LLFSS, Dowell et al. 2017) . These maps have the advantage of a consistent calibration of the absolute zero level across the survey and probe the background in a frequency range where few other absolutely calibrated maps are available. In §2 we present our analysis method for measuring the background for a combination of LLFSS and literature data. Section 3 presents the results on the spectrum of the radio background and our conclusions are presented in §4.
2. DATA AND METHODS
Data
We used a combination of literature data and data from the LLFSS in our analysis of the radio background. From the literature we used three low frequency, < 1 GHz, radio surveys: the 22 MHz survey of Roger et al. (1999) , the 45 MHz survey of Alvarez et al. (1997) and Maeda et al. (1999) , and the re-processed 408 MHz survey of Haslam et al. (1982) and Remazeilles et al. (2015) . Above 1 GHz we have included data at 1.4 GHz from Reich (1982) , Reich & Reich (1986) , and Reich et al. (2001) and the ARCADE 2 data at six frequencies spanning 3.1 to 10 GHz (Singal et al. 2011) . With the exception of the ARCADE 2 data, all of these maps cover >50% of the sky and the data are provided in antenna temperature.
From the LLFSS we have included the 40, 50, 60, 70, and 80 MHz maps. These maps include the radio sky down to a declination of −40
• at a spatial resolution of a few degrees (4.1 • at 40 MHz, 2.0 • at 80 MHz) and pixel-topixel estimates of the uncertainties. The absolute calibration for the LLFSS is provided by special dipoles that were developed for the Large aperture Experiment to detect the Dark Ages (LEDA; Greenhill & Bernardi 2012) . These dipoles have an integrated three-state temperature calibration system that allows absolute sky temperatures to be found to better than 10 K over 40 to 80 MHz (see Taylor et al. 2012 and Dowell et al. 2017 for details) . For the analysis we have chosen not to include the 35, 38, 45, or 74 MHz maps from the LLFSS since they do not provide significant additional constraints to the spectrum of the radio background.
Galactic Modeling
In order to estimate the temperature of the background, the foreground Galactic emission must be removed. Following the methods of Kogut et al. (2011) , we have used two different approaches to analyze the foreground along three lines of sight: the north and south Galactic poles and the coldest area in the northern Galactic hemisphere, the region around b = +48
• , l = 196
• . We will describe both methods briefly here. In the first technique a simple plane-parallel model is used to estimate the foreground temperature along the lines of sight to the Galactic polar caps, i.e., |b| > 75
• . For the plane-parallel model we averaged over Galactic longitude to suppress various Galactic structures, such as the North Polar Spur and other radio loops, and fit latitudes greater than 10
• with a simple cosecant model of
Here T is the observed temperature, T G is the temperature of the Galactic foreground at the pole, and T 0 is a constant offset that includes the radio background. We independently fit the northern and southern Galactic hemisphere to estimate the temperature of the Galactic contribution at the respective poles. We do not estimate the foreground in the direction of the northern Galactic cold spot since its location is not consistent with a simple plane parallel model, i.e., the coldest areas should be located at the poles in this model. The second method of modeling the Galactic emission uses the correlation between the strengths of the synchrotron emission and the collisionally excited CII line to remove the two dimensional foreground structure. This is done by using the COBE/FIRAS maps of the CII line at 158µm (Bennett et al. 1994 ) and fitting a function of the form
where I CII is the strength of the CII line. The radio and CII data fall into two families and we fit both using an iterative method that assigns points to each family as was done by Kogut et al. (2011) . We then average the best fit relationships from each family to arrive at the final radio/CII correlation. The Galactic contribution to the temperature in a region is then
where denotes a spatial average over the region. This method allows us to not only estimate the Galactic temperature at the poles but also along the third line of sight in the direction of the coldest area of the Galactic northern hemisphere. Figure 1 shows an example of the radio/CII correlation technique applied to the 50 MHz LLFSS map. Outside of the inner Galaxy and the North Polar Spur the map is relatively flat and featureless.
The results of these modeling procedures are fit with a power law of
where T Gal is the strength of the emission at a reference frequency ν 0 and β Gal is the spectral index. The best fit power laws are presented in Table 1 , and Figure 2 shows the results for the north Galactic polar cap. In general we find that our spectral indices are slightly shallower than those of Kogut et al. (2011) , but are consistent within the errors. We also find that the uncertainties of our parameters are slightly smaller which is likely due to differences in the assumed uncertainties in the underlying map data. We also see good agreement between the fits when using all of the available data and when we exclude the 22 and 45 MHz data.
RESULTS
By removing the Galactic synchrotron using the models found in §2.2 we can estimate the level of the radio background. The three lines of sight and two methods used result in a total of five measurements of the background at each frequency. We combine these sets of five values using a simple average and estimate the uncertainty using the standard deviation of the measurements. Table 2 lists the resulting thermodynamic radio background temperature between 22 MHz and 10.49 GHz. These values are in good agreement with Table 4 of Fixsen et al. (2011) . We fit these data using a combination of the CMB temperature and a power law of the form
where ν 0 is 310 MHz. We find a CMB temperature of 2.722±0.022 K, a spectral index of -2.58±0.05, and a background temperature, T R , of 30.4±2.6 K at 310 MHz. The most obvious difference between our results and the literature is in the temperature of the radio background at 310 MHz which we find to be ≈6 K higher than the best-fit value of Fixsen et al. (2011) of 24.1±2.1 K. This is likely a result of systematic offsets in the zero points of the various low frequency surveys. Indeed, if we exclude the LLFSS points and re-fit the data we find background temperature of 25.8±1.8 K and a spectral index of -2.56±0.04, consistent with Fixsen et al. (2011) . To avoid the problems associated with varying zero levels between different surveys we re-fit using only the LWA1 data below 100 MHz since these data share a common instrument and calibration. The result of this fit is similar to the results from the full data set. Specifically, the temperature of the CMB is 2.732±0.013, the spectral index steepens to -2.66±0.04, and background temperature becomes 28.5±1.7 K at 310 MHz.
These power law components correspond to 0.603
−0.092 K for the full data set and 0.497
−0.056 K for the reduced low frequency data set at the rest frame frequency of the 21 cm transition. The value for the radio background temperature obtained from the full fit is approximately 100 mK larger and with a marginally shallower spectral index than was obtained by Fixsen et al. (2011) while the LWA1 fit is within 20 mK albeit with a steeper spectral index. For the remainder of the discussion we focus on the results from the full data set. Of this background, approximately 100 mK can be explained by known source populations (see Singal et al. 2018 , for a discussion of the known source classes). Thus, this leaves ≈500 mK unaccounted for. If some of this background is produced at high redshifts then it could result in a significant enhancement of the background radiation field in addition to the CMB. Feng & Holder (2018) note that only a small fraction of this excess, on the order of a few percent, is needed in the redshift range of z =15 to 20 in order to produce the enhanced depth of the redshifted 21 cm line. However, Mirocha & Furlanetto (2018) caution that an enhanced radiation field has implications for the star formation and galaxy evolution processes at high redshifts that need to be reconciled in order to fully understand the underlying physics.
We note that these results are sensitive to the exact details of the removal of the Galactic contribution to the emission. For example, Fornengo et al. (2014) use a model of the Galactic magnetic field and the relativistic electron population to estimate the synchrotron emission. Their model predicts more synchrotron toward the lower frequencies and reduces the radio background level by about a factor of two at 22 MHz. Similarly, if we adjust the Galactic fitting procedure in §2.2 by excluding the plane-parallel model, not averaging the two families in the radio/CII correlation, and excluding the northern polar cap, we find a shallower spectral index than before. The best fit to the data in this case has a background temperature of 26.6±2.5 K at 310 MHz and a spectral index of -2.44±0.05. This shallower slope is consistent with the results of Fornengo et al. (2014) and Vasilenko & Sidorchuk (2017) but does not dramatically alter the temperature at 1.4 GHz of 0.654
−0.102 K. Furthermore, we note that this still requires a separate source of radiation in addition to the expected background from known source counts.
CONCLUSIONS
We have used data from the recently completed LWA1 Low Frequency Sky Survey to examine the existence of an isotropic radio background that cannot be explained by known populations of sources. The origin of this background is of particular interest given the recent claim of a detection of the "cosmic dawn" signal which shows an unexpectedly strong absorption feature. A potential explanation for the excess absorption is that the background radiation field includes a component in addition to the CMB which boosts the depth of the line. Using our data we find results consistent with the previous analysis of the ARCADE 2 data and other zero level calibrated low frequency map data, lending support to the existence of a radio background. This suggests that if the background forms early in the history of the Universe it may be responsible for the observed 21 cm signal. We also find that the background is consistent with a single power law and shows no indication of a break or turn over between 22 MHz and 3 GHz.
We have also found that the exact strength and spectral slope of the radio background is sensitive to how the Galactic foregrounds are modeled and removed. However, we do not find that the observed background at 1.4 GHz can be lowered to a level where it can be accounted for by known source classes by changes to the modeling procedure. Rather these changes to the modeling methods have the greatest impact on the value of the spectral index and introduce additional uncertainty into this value. Additional data in the radio below 1 GHz would be helpful in understanding the Galactic foregrounds. Similarly, physically motivated models of the sky, such as Sathyanarayana Rao et al. (2017) , may also help provide a robust method of removing the foregrounds. Finally, additional theoretical work on the potential sources of this background, such as supernovae of population III stars (Biermann et al. 2014) or cluster mergers (Fang & Linden 2016) , is needed in order to characterize the expected strengths, spectra, and formation times.
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